Abstract: The Double Chooz experiment measures the neutrino mixing angle θ 13 by detecting reactorν e via inverse beta decay. The positron-neutron space and time coincidence allows for a sizable background rejection, nonetheless liquid scintillator detectors would profit from a positron/electron discrimination, if feasible in large detector, to suppress the remaining background. Standard particle identification, based on particle dependent time profile of photon emission in liquid scintillator, can not be used given the identical mass of the two particles. However, the positron annihilation is sometimes delayed by the orthopositronium (o-Ps) metastable state formation, which induces a pulse shape distortion that could be used for positron identification. In this paper we report on the first observation of positronium formation in a large liquid scintillator detector based on pulse shape analysis of single events. The o-Ps formation fraction and its lifetime were measured, finding the values of 44 % ± 12 % (sys.) ± 5 % (stat.) and 3.68 ns ± 0.17 ns (sys.) ± 0.15 ns (stat.) respectively, in agreement with the results obtained with a dedicated positron annihilation lifetime spectroscopy setup.
Introduction
Recent results of anti-neutrino reactor experiments, i.e. Double Chooz [1] [2] [3] , Daya Bay [4] and RENO [5] , clearly proved the non-zero value of the θ 13 mixing angle. Anti-neutrino detection, based on the inverse beta decay (IBD) process (i.e.ν e + p → e + + n), allowed a measurement of sin 2 (2θ 13 ) of ∼ 0.1.
The space and time correlation between the prompt signal given by the positron, and the delayed one given by the neutron absorption on hydrogen or gadolinium, allows for a clear signal signature and strong background reduction. Nonetheless correlated events due to fast neutrons or cosmogenic generated radio-nuclides such as 9 Li or 8 He still remain as a background.
A technique used in liquid scintillator detectors to extract the signal from background is pulse shape discrimination (PSD) (see Ref. [6] and references therein). Different particles have a different energy loss while crossing the scintillator media, resulting in a particledependent time profile of photon emission. This technique is quite effective in separating light particles (e.g. electrons or positrons) from heavy ones (e.g. protons or alphas), however it is not adequate to distinguish between particles with similar energy losses such as positrons and electrons.
An alternative PSD, based on the observation of the ortho-positronium (o-Ps) was proposed [7] for β + /β − discrimination. The positron emitted in the IBD process annihilates with an electron in matter, sometimes forming a positronium metastable state, which leads to a delayed annihilation. o-Ps is the positronium triplet state which decays into three γ's with a lifetime in vacuum of 142 ns. In matter, however, the o-Ps lifetime can be quenched by several factors, such as chemical reactions (oxidation or compound formation), magnetic effects (spin-flip), or by positronium interactions with the surrounding electrons (pick-off), yielding a two-γ decay [8] . Positronium can also be formed as a singlet state, which decays into two γ's, called para-positronium (p-Ps), however its lifetime of ∼ 125 ps is too short to exploit it for particle discrimination. The o-Ps lifetime has been measured in the most commonly used solvents for organic liquid scintillators in neutrino physics [7, 9] , and as a function of the dopants concentration [10] . Although the o-Ps lifetime is typically shortened down to a few nanoseconds, the distortion in the photon emission time distribution is still observable. The Borexino collaboration [11] has exploited the signature provided by the o-Ps induced pulse shape distortion to statistically identify and reject cosmogenic 11 C β + decays, the dominant background in the solar pep neutrino rate measurement.
In this paper we report the observation of o-Ps in Double Chooz, which is performed, for the first time in a large liquid scintillator detector, on pulse shape analysis of single events. The identification of the o-Ps could be used in the future as additional handle in the signal selection, reducing the cosmogenic background due to 9 Li or uncorrelated background due to accidentals (β + + n vs. β − + n chain). Our results fully demonstrate the proof of principle and the capability of this technique, which could be a key point for the development of scintillators for future neutrino experiments.
The analysis is performed on the data set published in Ref. [12] , corresponding to a live-time of about 228 days.
Ortho-positronium properties in Double Chooz scintillators
For the Double Chooz detector [12] two different scintillators are used: one for the Target and one for the Gamma Catcher. The liquid scintillator used for the Target is a mixture of n-dodecane, PXE, PPO, bis-MSB and 1 g gadolinium/l as a beta-diketonate complex. The Target volume is surrounded by the Gamma Catcher scintillator, which is similar to the Target (mineral oil, n-dodecane, PXE, PPO, bis-MSB) but Gd-free [13, 14] . The light yield of the Gamma Catcher was chosen to provide identical photoelectron yield across these two layers.
To measure the formation fraction of o-Ps and its lifetime in samples of the Double Chooz scintillators, a standard PALS (Positron Annihilation Lifetime Spectroscopy) system made of two plastic scintillator (BaF 2 ) detectors has been used. The apparatus, at IPHC Strasbourg, is very similar to the one described in detail in Ref. [10] . The positron source is a 1 MBq 22 Na source, inserted between two 12.7 µm titanium layers, immersed in the liquid scintillator. The 1.27 MeV γ-ray emitted in association with the positron is detected by one detector (lower threshold at 950 keV) and used as trigger, whereas the second detector (400-700 keV energy range) is dedicated to the measurement of one γ-ray of 511 keV coming from the positron annihilation or one from the o-Ps decay; the time between the two signals is measured to reconstruct the o-Ps lifetime. The overall time resolution of the apparatus is ∼ 180 ps.
The measured time distribution is fitted with a combination of three exponentials (A i · e −t/τ i ) and a constant C, all convoluted with a Gaussian spread to model the detector resolution:
The two short exponentials correspond to the positron annihilation and p-Ps formation and decay in the source structure and in the liquid, whereas the long one corresponds to the o-Ps lifetime. The constant function is used to take into account pile-up and random noise events. The details of the analysis can be found in Ref. [10] . The obtained time distributions and the corresponding fits are shown in Fig. 1 for Target and Gamma Catcher scintillator. The lifetime can be taken immediately from the fit parameter τ 3 whereas the o-Ps formation fraction has to be computed renormalizing correctly the number of events, neglecting the events in the titanium source support, and taking into account the different efficiencies for the three and two-γ decay modes. [10] .
Once the systematics are considered (they account typically for about 1.7 % on the formation fraction and for about 1 % on the lifetime [10] ) we obtain for the Gamma Catcher scintillator an o-Ps fraction formation of 45.6± 1.3 % and lifetime of 3.45± 0.03 ns. Slightly different values were found for the Target: a formation fraction of 47.6±1.3 % and a lifetime of 3.42 ± 0.03 ns. All the results are summarized in Tab. 1.
Although Target and Gamma Catcher yield values compatible within the errors for both o-Ps formation and lifetime, high precision measurements on different liquid scintillators showed that o-Ps formation has a clear dependence on the scintillator loading whereas the lifetime is much more stable [10] .
Pulse shape reconstruction in Double Chooz
In Double Chooz, the scintillation signal is recorded by 390 10-inch PMTs, installed on the inner wall of the stainless steel buffer tank (see Ref. [12] for details). At each trigger a waveform of 256 ns is recorded for each PMT using flash-ADC (FADC) [15] . The PMT baseline is computed using the first thousands events of the run, selecting the ones in which the PMT itself did not record any signal above threshold (the threshold was set to 2 FADC counts which corresponds to approximately 0.3 photo-electrons). When a signal is observed on a PMT, a linear fit is performed on its rising edge (see Fig. 2 ). The intercept of the fit line with the baseline provides the pulse starting time and represents one entry of the time profile distribution. The obtained event time profile is the distribution of the arrival time of the pulses recorded by all PMTs.
To correctly build the time profile distribution, the time of flight between the reconstructed vertex position and the PMT is subtracted for each pulse. In addition, the calibration of time offset for each channel, as measured with a laser and monitored with a LED system, is accounted for.
Note that the same PMT can of course record more than one pulse in the same event. The minimum time between two pulses on a single PMT was set to 25 ns (i.e. all that happens within this time window is merged into a single pulse), however tests with a narrower time window set to 10 ns showed no significant influence on the result on this parameter.
Once all the time pulses in one event are computed, they are sorted and shifted in order to have the first one equal to zero. This shift is needed to correctly compare time profile of different events.
This procedure was carried out on 60 Co, 137 Cs and 68 Ge calibration runs, with the sources located at the center of the detector, and the resulting time profile of all the events are shown in Fig. 3 . The small difference between the obtained time profiles can be interpreted as a slight energy dependence. This was confirmed looking at the changes of the reconstructed time profile for neutrino candidates when computed in different ranges of visible energy. 
Ortho-positronium tagging algorithm
All the prompt signals of IBD events are composed of an e + ionization signal, followed by the two 511 keV-γ rays emission. If o-Ps is not formed, the time between these two processes is too short to distinguish them, however, in case of o-Ps formation the delay between the two signals is no longer negligible since o-Ps has a lifetime of about 3.4 ns in the Double Chooz liquid scintillators. The discrimination between ionization and annihilation signals becomes in principle possible, but it is not trivial given the scintillator fast decay time of 2.6 ns in the Target and 5.4 ns in the Gamma Catcher (GC) [13] . In addition, faster electronics than used which has a time sample width of 2 ns, would be desirable to provide a better time resolution.
The idea is to look for a double peak pattern in the time profile: the first one is due to positron ionization, and the second one to the emission of the two 511 keV-γ rays. Such a pattern can be better observed for events in which the o-Ps has a long lifetime (large time interval between the peaks on the time profile distribution) and for low energy events (second peak less hidden by the tail of the first signal). Based on this idea a specific algorithm was developed: a fit function was built combining two reference time profiles separated by a delay corresponding to the time taken by o-Ps to decay. The parameters considered and their allowed range are quoted here below.
• ∆t: time interval between the two reference time profiles. It is allowed to vary between 0 (no o-Ps formation observed) and the shortest time for which the number of pulses in the following 50 ns is lower than 70 % of the number of pulses corresponding to the 1.022 MeV signal.
• ǫ 1 , ǫ 2 : normalization of the two reference time profiles. The normalization evaluation is based on the visible energy: the second peak corresponds to a signal of 1.022 MeV and the first one to the remaining energy. The relative normalization is computed assuming that the number of pulses is proportional to the visible energy. This is not completely correct, in particular as the energy increases, since a pulse can correspond to more than a single photo-electron. To overcome this issue, each normalization was allowed to vary in a range of ∆ ǫ = ±0.6 ǫ, and the uncertainty σ of 0.2 ǫ was used in the χ 2 computation. The number of multiple photo-electrons pulses could be estimated from the visible energy reducing the error on the normalization, however this would rely on the vertex position introducing additional systematics related to the vertex reconstruction.
• λ: shift of the first reference time profile. Since not all the event time profiles start exactly at zero, a possible shift is taken into account in a range between −10 ns and the time of the first pulse in the event time profile.
If f TP is the function representing the reference time profile, each event time profile is therefore fitted using the following function f fit :
The number of pulses per event is of the order of 400, therefore the number of entries per bin (300 bins of 0.5 ns) is rather small and it is Poisson distributed. The following χ 2 definition [16] was therefore used:
where N is the number of bins (i.e. 300), n i and ν i are the number of pulses observed and expected in the i th bin respectively, and only bins for which n i > 0 are considered. The term ∆ ǫj with j = 1, 2 represents the normalization variations of the two reference time profiles with respect to the computed ones, and σ j the 20 % normalization error. The χ 2 is computed using the MINUIT minimization embedded in the ROOT package [17] .
To discard from the analysis events for which the fit did not converge properly, an upper limit of 2 was applied on the reduced χ 2 . For the same reason, an additional constraint was applied on the ratio between the integral of the fitted function and the number of pulses, in the first and second peak region separately. Events with an integral ratio larger than 2 in either the first or the second peak region (i.e. the interval between 3 ns before the peak and 10 ns after it) are discarded. The applied cuts removed 0.2 % of the signal and resulted in no bias in the event selection.
As examples, the result of the fit obtained for events with ∆t of 0. 
Results on the ortho-positronium properties
To unambiguously demonstrate the capability of Double Chooz to observe the o-Ps formation, the algorithm is applied to a pure 60 Co sample and compared to the results obtained for the neutrino candidates. The 60 Co reference time profile obtained locating the radioactive source at the center of the detector was used for this analysis. Systematic uncertainty related to the choice of reference time profile will be evaluated later on in this section.
Since an increase of the error of the reconstructed vertex is known to rapidly degrade the time profile, a maximal distance of 20 cm between the position where the source was deployed and the reconstructed vertex was required for a clean sample selection. Such a selection could only be applied on the source calibration data used to build the reference time profile.
As far as the neutrino candidate selection is concerned, an additional requirement on the energy with respect to the selection cut of Ref. [12] is applied: only events with a visible energy between 1.2 and 3 MeV are analyzed. Below 1.2 MeV the first peak energy is too small (i.e. below 200 keV) for a correct fit convergence, whereas above 3 MeV the second peak is typically hidden by the first peak's tail and therefore difficult to identify.
As can be seen in Fig. 5 (red squares) , the ∆t distribution for the 60 Co events is, as expected, peaked at zero. Nonetheless, a smearing can be seen resulting in ∆t values up to 7 ns. This smearing shows the present limitation of the developed algorithm, which sometimes tends to increase the ∆t parameter reducing the value of the shift λ of the first reference time profile. Indeed the fluctuations of the tail of a time profile can sometimes be wrongly identified as a second signal.
In the same figure (Fig. 5 ) the distribution obtained for the neutrino selection of the gadolinium analysis of Ref. [12] is shown (black dots) for a direct comparison between the two. A clear excess of events at large ∆t is present in the neutrino sample with respect to the cobalt one. This shows indeed the Double Chooz capability to observe o-Ps formation. Target candidates ν Figure 5 : Distribution of the ∆t value determined by the fit for the cobalt sample (red squares), and for the neutrino sample (black dots), normalized to one.
To estimate the lifetime and the o-Ps production fraction, the obtained ∆t distribution is fitted with an exponential function with a lower bound of 5 ns, since this corresponds to the end of the smearing of the zero ∆t events as observed in the 60 Co sample study. A higher value for the fit lower bound could be chosen granting a higher purity o-Ps sample, however the reduced statistics would lead to a larger error. Tests were made using values between 4 and 8 ns for the lower boundaries and the results were used to compute systematics related errors. Moreover, the algorithm outcome has a dependence on the choice of the reference time profile and this has also to be evaluated as systematic uncertainties. Additional parameters having an impact on the final results are the vertex distance cut applied when building the reference time profile for a given calibration source, and its position inside the detector. To study all these aspects the analysis of the neutrino candidates was carried out under different conditions, namely: to the measurement obtained with the reference time profile which has the energy that best matches the one of the neutrino candidate events.
For the neutrino candidates sample, the mean visible energy in the selected region from 1.2 to 3 MeV, is 2.237 MeV, which is more similar to the high energy bound given by the 60 Co (2.5 MeV) rather than the low energy one of 137 Cs (0.66 MeV). However, if o-Ps is formed we have two separate signals of 1.215 MeV (mean positron prompt energy) and 1.022 MeV (o-Ps decay) respectively, therefore the best reference time profile would be in between the two energy regimes.
The systematics due to the choice of the source for the reference time profile (σ Ref ) is therefore evaluated as half the difference between the low energy (i.e. 137 Cs) and high energy (i.e. 60 Co) regimes:
where V X is the value (i.e. either the o-Ps lifetime or its formation fraction) measured for the reference time profile obtained with the source X.
The fits obtained using the 60 Co and 137 Cs reference time profiles are shown in Fig. 6 , together with the results and the statistical errors, whereas a summary of all the different contributions to the systematic error is given in Tab. 2. Note that in the fraction formation evaluation, the presence of background events in the neutrino candidate sample is accounted for. The expected background, in the 1.2 to 3 MeV energy region, is ∼ 0.5 events per day, whereas the neutrino candidates rate in the same region, after the applied analysis cuts reported at the end of Sec. 4, is ∼ 13.3 events per day. The correction due to the presence of background corresponds therefore to about 3.8 %.
Adding quadratically the four systematic contributions, and taking the mean between the o-Ps properties measured using 137 Cs and 60 Co, it can be stated that the formation fraction and the lifetime in the Target scintillator were observed to be 44 % ± 12 % (sys.) ± 5 % (stat.) and 3.68 ns ± 0.17 ns (sys.) ± 0.15 ns (stat.) respectively, in good agreement with the expectations.
Possible physics impact
The Borexino experiment has already proven the possibility to use o-Ps observation on a statistical way for e + /e − discrimination reducing the cosmogenic 11 C background in the solar pep neutron observation [11] . The demonstrated capability of Double Chooz to observe o-Ps formation on pulse shape analysis of single events is an important step forward in this technique, that could be exploited for the neutrino event selection and background reduction in liquid scintillation detectors.
In experimental projects aiming at the electron antineutrino detection, the e + /e − discrimination could be directly used to reduce the background. This is not the case of IBD based experiments. Since o-Ps is formed only in about half of the events, a selection cut based on o-Ps observation is not conceivable for antineutrino events selection in IBD based experiments, even assuming a perfect detection efficiency. In this case, however, the o-Ps detection could be used to select a clean antineutrino subsample to validate experimental results. For example, one of the largest background contribution in IBD experiments, comes from the cosmogenic 9 Li events, for which the prompt signal is an electron resulting therefore in no o-Ps formation observation.
In order to profit the most from the o-Ps signature, several improvements would be desirable, in particular the liquid scintillator should be optimized to have a fast scintillating time and the longest possible o-Ps lifetime. Another critical parameter is the detector light yield: a large light yield would provide an easier o-Ps observation over a broader energy range. In addition, further improvements could come from the detector electronics, since a fast (sub-nanosecond) readout electronics would allow for the observation of small pulse shape distortions.
Conclusions
o-Ps formation could be exploited in anti-neutrino detector for additional background rejection. Although its detection is quite challenging in large liquid scintillator detectors due to its short lifetime of about 3 ns, this process has already been used in neutrino physics for a e + /e − discrimination [11] on a statistical basis. Double Chooz has demonstrated for the first time the possibility to tag such a process on pulse shape analysis of single events. Relying on a selection algorithm based on the pulse shape distortion of the event, o-Ps formation was observed and its lifetime and formation fraction were measured, finding a good agreement with the values obtained in laboratory measurements.
The obtained result is so far energy dependent and it can not be used directly for a background reduction in Double Chooz, however it is now possible to assign a probability of each event of being an o-Ps decay for dedicated studies on pure samples.
Considering that the Double Chooz detector was not conceived for such a measurement (both in the choice of electronics and scintillator), this result is also an excellent starting point for future projects aiming at the liquid scintillation technology for anti-neutrino detection.
